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The human nebulin gene includes 183 exons and four regions of alternative splicing. The mouse nebulin gene, with 166 exons, has a similar
organization. Here we describe the expression patterns of one of the alternatively spliced regions of nebulin: exons 127 and 128 in the mouse gene,
corresponding to human nebulin exons 143 and 144. Expression was elucidated by quantifying the differentially spliced transcripts in mice of
different ages. In most of the muscles studied, transcripts expressing exon 127 were more prominent in muscles from younger mice, while older
mice showed higher quantities of the transcript expressing exon 128. Some muscles, e.g., diaphragm and masseter, almost exclusively expressed
only one of the two transcripts, whereas others, e.g., soleus and cardiac muscle, expressed equal quantities of both transcripts. The expression
patterns did not correlate with fiber-type composition. We speculate that these exons harbor a regulatory function utilized during muscle
maturation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Nebulin; Alternative splicing; Transcripts; Mouse muscle developmentNebulin is a giant (600–900 kDa) sarcomeric protein
spanning the length of the thin filament [1]. It is expressed
predominantly in the thin filaments of the striated muscle
sarcomere [2]. Ninety-seven percent of the nebulin polypeptide
consists of modules 30–35 amino acid residues long, arranged
into simple repeats. In the central part of the molecule these
repeats are arranged into superrepeats consisting of seven
simple repeats. In addition to the conserved SDXXYK actin-
binding motifs located at each repeat module, conserved
WLKGIGW motifs have been identified at intervals corre-
sponding to the length of one superrepeat. These motifs likely
bind the troponin–tropomyosin complex [1]. Both the 8-kDa
N-terminal and the 20-kDa C-terminal ends contain unique
protein domains. The C-terminus contains a serine-rich domain
with potential phosphorylation sites and a conserved src
homology (SH3) domain [1,3]. This part of the molecule is⁎ Corresponding author. Fax: +358 9 19125073.
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doi:10.1016/j.ygeno.2006.06.008anchored in the Z disk of the muscle sarcomere [4]. There is
evidence that the SH3 domain also binds titin [5]. Myopalladin
links nebulin to α-actinin in the Z disks [4] and the Z-disk
peripheral region of nebulin has recently been shown to bind
desmin [6]. The three extreme N-terminal simple repeats of
nebulin located at or near the pointed end of the thin filament
bind tropomodulin, a protein that together with nebulin
probably determines thin filament length [7–9].
Mutations in the nebulin gene (NEB) are responsible for a
majority of cases of the rare muscle disorder nemaline (rod)
myopathy, defined on the basis of muscle weakness and
structural abnormalities, i.e., nemaline bodies in the muscle
fibers [10,11]. In patients with nemaline myopathy caused by
mutations in the nebulin gene, the tibialis anterior muscles are
especially severely affected [12–14]. The nebulin gene is
encoded by 183 exons, which span 249 kb of genomic sequence
[15]. The translation initiation codon is in exon 3, while the stop
codon and the 3′ untranslated region are in exon 183. There are
four regions of alternatively spliced exons in the human nebulin
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native splicing of these exons produces a high number of unique
transcripts varying between muscle types and between muscles
of different developmental stages. The organization of the
human and mouse nebulin genes is similar, with the exception
that human exons 90–105, 173, and 174 are not present in the
mouse Neb gene, which on the other hand has an exon
homologous to the human tight junction protein ZO-1 not
present in the human NEB gene. Mouse Neb has 166 exons
spanning a genomic region of 202 kb [15,16] (Fig. 1).
In the present study we quantified the relative amounts of
transcripts produced by alternative splicing of exons 127 and
128 in mouse muscles of different developmental stages. These
exons correspond to human exons 143 and 144 and give rise to
two different transcripts, that is, transcripts expressing either
exon 127 (human exon 143) or exon 128 (human exon 144).
Our previous studies show that human fetal muscle expresses
transcripts containing only exon 143, while adult skeletal
muscle and heart muscle express either both transcripts or
transcripts containing only exon 144. No transcript expressing
both exon 143 and exon 144 was identified. These exons
encode amino acid sequences that differ in both charge and
hydrophobicity. The amino acid sequence encoded by exon 143
shows complete homology between mouse, rat, and human
[15].
Exon 143 encodes the last 17 amino acids of simple repeat 5
and the first 18 amino acids of simple repeat 6 in superrepeat 21,
according to the nomenclature by Pfuhl and co-workers [3]. The
sequence corresponding to exon 144 is not present in the
nebulin mRNA sequence (GenBank X83957) described by
Labeit and Kolmerer (1995) [1]. We show here that the murine
exons 127 and 128 are differentially expressed at different time
points during muscle development and in different muscle
types.Fig. 1. Genomic organization of the last 52 exons in the 3′ end of the mouse Neb ge
exons are colored black. Exons 127 and 128 corresponding to human NEB exons 1
encoding the protein domains of nebulin that are located in the Z disk.Results and discussion
Tibialis anterior, gastrocnemius, quadriceps, and extensor
digitorum longus present similar expression patterns in
mouse
The relative amounts of the two isoforms, quantified by
quantitative real-time PCR, indicate that the pattern of
expression is identical in tibialis anterior, gastrocnemius
(consisting to about 16% slow fibers [17]), quadriceps, and
the fast-twitch extensor digitorum longus (consisting to about
90% fast fibers [18]), all skeletal muscles of the mouse hind leg
(Fig. 2). In these muscles transcripts expressing exon 127 were
more prominent in biopsies taken from younger mice, while
corresponding biopsies from older mice showed higher
quantities of the transcript expressing exon 128. This transcript
was the most common one in 6-week-old mice in all these
muscles. Interestingly, both transcripts are expressed in equal
quantities in 21-day-old tibialis anterior, 23-day-old gastro-
cnemius, and quadriceps from 23-day-old mice. These time
points coincide with a peak in α-skeletal actin expression and a
transient peak in α-cardiac actin expression in mouse
quadriceps muscle [19]. The relative quantity of the two
transcripts in fetal mouse suggests that the transcript expressing
exon 127 is the more common one during prenatal differentia-
tion (data not shown).
Adult human tibialis anterior muscle expresses both tran-
scripts [15]. Our previous results are in accordance with the
results of this study. Since the methods used in the previous work
were not quantitative, the quantity of the two transcripts in
human tibialis anterior muscle remains to be determined.
In human the gastrocnemius muscle expressed only the
exon 144 transcript [15] (mouse exon 128). While this is the
most prominent transcript in 6-week-old mouse muscle, inne. The exons are shown as boxes and the introns as lines. Alternatively spliced
43 and 144 are indicated with arrows. The boxed region corresponds to exons
Fig. 3. Exon 127 transcripts are predominant in soleus of 1- to 3-week-old mice
(p<0.01), whereafter expression of exon 128 transcripts rise to a level
comparable to exon 127 transcript levels. Both transcripts are present in soleus
from 6-week-old mice, with a marginally higher level of exon 127 transcripts
(p<0.05). No neonate sample was available for the soleus muscle. The
expression levels of mRNAwere calculated as n-fold for the lowest expression
(value 1 on the y axis). (D, day; W, week).
Fig. 2. Tibialis anterior, gastrocnemius, extensor digitorum longus, and quadriceps show identical expression patterns of the two transcripts encoded by exons 127
and 128. Exon 127 transcripts are more prominent in muscle from younger mice, while older mice express higher quantities of exon 128 transcripts. This
transcript is the most common one in 6-week-old mouse in all these muscles. The expression levels of mRNA were calculated as n-fold for the lowest expression
(value 1 on the y axis). (D, day; W, week).
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exon 127 is the most common (Fig. 2). The difference in
transcript expression between human and mouse might partly
be explained by the fact that the human samples used in the
previous study were from adult muscle and the method used
for transcript detection was a different one. The 6-week-old
mouse gastrocnemius muscle, however, also clearly expresses
the transcript that was not found in human gastrocnemius
muscle.
Soleus has an expression pattern that differs from that of the
other hind-leg muscles studied
The expression pattern in the soleus, consisting of up to 75%
slow fibers [18], differs from other leg muscles studied in that
the exon 128 transcript is expressed in higher proportions in
younger mice, and both transcripts are expressed in almost
equal amounts in 6-week-old mice (Fig. 3). In 19-day-old mice
the expression of the exon 128 transcript is at its lowest, after
which it steadily rises to be at its highest level in 6-week-old
mice. The exon 127 transcript levels are significantly (p<0.01)
higher compared with the exon 128 transcript levels in soleus of
7- to 23-day-old mice; however, in 6-week-old mice the
difference is only marginally significant (p<0.05) (Fig. 3). In allother hind-leg muscles the exon 128 transcript is the most
prominent one in 6-week-old mice, and the exon 127 transcript
is barely visible (Fig. 2).
Fig. 5. Longus capitis muscle in the neck almost exclusively expresses the exon
127 transcript. This muscle does not seem to go through an alteration of the
expressed transcripts. The difference in expression levels between the two
transcripts is statistically significant (p<0.01) at all time points. The expression
levels of mRNAwere calculated as n-fold for the lowest expression (value 1 on
the y axis). (D, day; W, week).
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only one of the two transcripts
In mouse diaphragm (100% of slow fibers [20]), masseter,
and longus capitis muscles the expression pattern clearly differs
from that observed in hind-leg muscles. The trunk muscle
diaphragm and the jaw muscle masseter express mainly the
exon 128 transcript (Fig. 4), while the longus capitis muscle in
the neck almost exclusively expresses the exon 127 transcript
(Fig. 5). In human, gastrocnemius, rectus femoris, and heart
muscle express only the exon 144 transcript (mouse exon 128),
while human fetal muscle expresses only the exon 143
transcript (mouse exon 127). The expression of one prominent
transcript in diaphragm and masseter might be explained by a
conversion from one transcript to another earlier during
differentiation, i.e., earlier than the time points tested in the
present study. These muscles evidently express both transcripts
in neonates and 4- and 7-day-old mice, although the exon 128
transcript is more common (Fig. 4). While this might be a
plausible explanation for these muscles, it seems unlikely that it
would explain why longus capitis almost exclusively expresses
the transcript formerly identified as the only transcript in fetal
human muscle. Apparently this muscle does not go through an
alteration of the transcripts expressed. The reason for this
remains to be elucidated.
Cardiac muscle expresses elevated levels of both transcripts in
1- to 2-week-old mice
Nebulin is less abundant in cardiac than in skeletal muscle
[16]. In human cardiac muscle only exon 144 transcripts (exon
128 in mice) have been observed [15]; however, the present
study clearly shows the expression of both exon 127 and exon
128 in postnatal mouse hearts. While the expression levels of
both transcripts were low just after birth, they increased 30- to
45-fold in 7-day-old mice. In 14-day-old mice the levels
decreased to approximately half the quantity observed in 7-
day-old mice (Fig. 6). In 19-, 21-, and 23-day-old mice and in 6-
week-old mice the relative quantity of the transcripts is againFig. 4. The diaphragm and masseter express mainly the exon 128 transcript. This
during development. The difference in expression levels between the two transcrip
and statistically significant (p<0.01) in masseter from older mice. The expression l
the y axis). (D, day; W, week).low, although significantly (p<0.01) higher than the quantities
observed in neonatal and 4-day-old mice. Thus it can be
speculated that the narrow time frame of greatly increased
expression of these nebulin transcripts coincides with a
developmental stage in the heart that requires the presence of
these nebulin isoforms. It is important to note that some strains of
mice, including Balb/c used in the present study, have a
duplication of the 5′ end of the cardiac actin gene, which reduces
the level of cardiac actin mRNA and protein in adult cardiac
tissue to 16.5% of its normal level [21]. In contrast, these mouse
strains have an increase in the quantity of skeletal actin
transcripts and protein in adult hearts [22]. Moreover it has
been reported that overall the total level of actin mRNA in the
hearts of Balb/c mice is only about 20% that of other mouse
strains [21]. As nebulin is an actin-binding protein it could be
assumed that the actual quantity of nebulin transcript detected in
other mouse strains could be different from those found in Balb/c
mice. Despite this, the trend of expression levels for the nebulinmight be explained by conversion of the transcripts in these muscles earlier
ts is marginally statistically significant (p<0.05) in masseter of newborn mice
evels of mRNA were calculated as n-fold for the lowest expression (value 1 on
Fig. 6. Both exon 127 transcripts and exon 128 transcripts are expressed in
mouse heart muscle in equal quantities. A statistically significant (p<0.01)
increase in expression levels of both transcripts takes place in 1- to 2-week-old
mice, whereafter the expression decreases to a lower level albeit significantly
higher (p<0.01) than the expression level in newborn mice. The expression
levels of mRNAwere calculated as n-fold for the lowest expression (value 1 on
the y axis). (D, days; W, week).
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transcripts at days 7 to 14 seen in the hearts of Balb/c mice,
are likely to hold true in other strains. As skeletal and cardiac
actin proteins differ by only four amino acids [23], it is unlikely
that these sarcomeric actin isoforms would have different
binding affinities to nebulin.
Muscle differentiation
A widely held hypothesis has it that different isoforms of
proteins would be present in fibers of different types and that the
selectivity of muscle weakness characteristic of many muscle
disorders might be explained by mutations affecting specific
isoforms selectively. Our results, however, do not corroborate
this hypothesis. It seems unlikely that the fiber type of each
muscle would have an influence on the transcript composition
of the exons studied, since extensor digitorum longus
(composed mostly of fast fibers) did not differ in transcript
composition from diaphragm (composed of slow fibers) in adult
mouse. Our previous work on human muscles is in concurrence
with these results. Human tibialis anterior, rectus femoris, and
gastrocnemius comprise both fast and slow fibers, but rectus
femoris and gastrocnemius seem to express only one of the
transcripts and tibialis anterior expresses both.
Muscle-specific proteins are expressed in a precise order
during mouse muscle myogenesis. Desmin is the first protein
observed when the myotomes begin to differentiate at gestation
day 9. Desmin is followed by titin and then muscle-specific actin
and myosin. At gestation day 9.5, when nebulin expression is
detected, fibrous desmin structures are present, whereas the
other proteins do not show structures. Periodic patterns of
myosin, nebulin, and epitopes of titin located at or close to the Z
line can be observed at gestation days 11 and 12 in some
myoblasts. When myotubes have formed at gestation day 14, all
muscle-specific proteins show mature myofibril periodicities
[24]. Alternative RNA splicing of myosin, tropomyosin,troponin T, and dystrophin regulates gene expression during
myocyte differentiation in vertebrate and invertebrate embryos
[25–28].
The difference in transcript expression observed in gastro-
cnemius and cardiac muscle compared with studies done on
human muscle might be explained by the fact that a less
sensitive method was used. Alternatively, the amino acid
sequences that these exons encode could have slightly different
functions in human and mouse. It seems likely that all nebulin
exons are expressed in murine cardiac muscle, but specific
isoforms are not known [16].
To reveal the developmental expression pattern in the soleus,
embryonic muscle would be needed. These muscles would also
reveal which transcript is more common during prenatal
development.
Previous studies show that human fetal muscle expresses
only exon 143 transcripts, corresponding to mouse exon 127
transcripts [15]. We were able to confirm that. The expression
levels of the two transcripts in the fetal samples verify that the
exon 127 transcript is the more common one during early
muscle differentiation (results not shown). The possible earlier
conversion of these transcripts in masseter and diaphragm might
be explained by the fact that these muscles need to mature
earlier during embryogenesis and in fact have to be mature at
the time of birth to ensure survival. On the other hand, Yamane
and co-workers have reported that the maturation of mouse
masseter muscle is not completed at birth [29]. They speculate
that maturation is completed when feeding behavior switches
from suckling to chewing approximately 1 week after birth.
Interestingly, nebulin expression is lower in masseter of mice
younger than 1 week and significantly elevated in older mice
(Fig. 4).
Our previous and present studies illustrate the complexity of
nebulin expression in one of the four known alternatively
expressed regions, suggesting that the overall expression of
nebulin is likely to be quite elaborate. We speculate that the
nebulin domain in superrepeat 21 encoded by exons 127 and
128 harbors regulatory functions. Further investigations are
needed to elucidate the exact role and function that these
different nebulin splice forms play in muscle.Materials and methods
Muscle dissection
Balb/c mice were sacrificed as per animal ethics regulations prior to muscle
dissection. Tissues from three different animals were collected and pooled for
the day 7 to week 6 time points, whereas 4 animals were used for the day 0 and 4
time points. The tissues collected were masseter, diaphragm, tibialis anterior,
gastrocnemius, quadriceps, extensor digitorum longus, soleus, cardiac, and
longus capitis muscles. Only day 23, 4-week, and 6-week quadriceps mouse
muscles were available. Tissues were plunged immediately into liquid nitrogen
after excision and thereafter stored at −80°C until use. Due to the small size of
the day 0 animals, soleus muscle was not collected for this time point.
RNA isolation and RT-PCR
Muscle tissues ranging from 1.6 to 383.6 mg were homogenized using
BIO 101 Systems Lysing Matrix D beads (Qbiogene). Total mRNA was
494 K. Donner et al. / Genomics 88 (2006) 489–495isolated with the ABI Prism 6100 Nucleic Acid PrepStation (Applied
Biosystems) from various neonatal; 4-, 7-, 14-, 19-, 21-, and 23-day-old; and
6-week-old mouse muscles. These samples included diaphragm, tibialis
anterior, gastrocnemius, soleus, and longus capitis muscles. No neonate
sample was available for the soleus muscle. For quadriceps only 23-day-, 4-
week-, and 6-week-old mouse muscles were available. Fetal cDNAs from 7-,
11-, 15-, and 17-day-old embryos were purchased from Clontech (BD
Bioscience Clontech). cDNA was synthesized using a High Capacity cDNA
Archive Kit (Applied Biosystems).
Real-time quantitative PCR
The expression of the transcripts containing exon 127 or 128 was determined
by quantitative real-time PCR (TaqMan). Primers used for the transcript
containing 127 were MUS127F, 5′-AACCTAGACATCTGCTGGCTAAGAC,
and MUS129R, 5′-TGTCCTTTGACTTCTCATACTTTTTCC. The probe used
to detect this product was 6-FAM–5′-CAGGCGACCAGATCAGCCAGAT-
CAAATA–TAMRA. The primers used to detect the transcript containing 128
were MUS126F, 5′-CTGACTGTCCAATTAACAGGCATT, and MUS128R,
5′-TCAGAAGCATCTTGGCACTAGATT. The probe used to detect this
product was 6-FAM–5′-TTTCCTCTCATTCATCAACTGAGTTGCA-
TACTTG–TAMRA.
As an endogenous control, mouse TATA-box binding protein was used
(TaqMan; Applied Biosystems). The expression levels of mRNA were
calculated separately for each muscle as n-fold for the lowest expression
(value 1 on the y axis). Therefore the values from different muscles are not
directly comparable.
Statistical test
The Mann–Whitney U test was used to test for statistical significance of the
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